Triacylglycerol (TAG) and starch produced by micro-algae are potential sources of biofuel. Our previous studies showed that the unicellular green alga, Chlamydomonas debaryana NIES-2212, which is a rare species of Chlamydomonas that possesses phosphatidylcholine (PC), is a seed organism for the development of biofuel producers. This alga accumulates large amounts of TAG and starch under completely photo-autotrophic conditions during stationary phase without nutrient deprivation. The present study was performed to optimize the growth conditions of this alga with regard to light intensity and CO 2 concentration to improve the efficiency of TAG and starch production. The growth rate of C. debaryana was greater at higher light intensity, although there was no significant difference in the final cell density of the culture. The highest contents of TAG and starch, approximately 200 fmol cell -1 and 600 pg cell -1 , respectively, were achieved with a light intensity of 200 µmol m -2 s -1 bubbled with air containing 5.0 % CO 2 . These results suggest that optimization of light intensity and CO 2 concentration can enhance the productivity of TAG and starch by C. debaryana NIES-2212.
INTRODUCTION
There has been a great deal of research interest in the potential of micro-alga-based biofuels as a possible solution to environmental problems, such as global warming [1] [2] [3] . Micro-algae use sunlight to recycle CO 2 as reduced carbon species such as carbohydrates and oils [4] . Micro-algal (or green algal) carbohydrates and oils are mainly composed of starch and triacylglycerol (TAG), respectively. TAG and starch are useful as biofuel sources, because TAG can be converted to biodiesel by chemical transesterification, whereas starch can be converted to bioethanol by alcohol fermentation [5, 6] . To enhance the productivity of TAG and starch, it is necessary to improve both TAG and starch synthesis and cell proliferation. Accordingly, there have been a number of attempts to increase the efficiency of TAG and starch production from micro-algae by genetic engineering and by optimizing culture conditions [7] [8] [9] [10] [11] [12] [13] [14] . Previous studies on various micro-algae have indicated that TAG and starch accumulate under nutrient-limited conditions, such as nitrogen and phosphorus deprivation [5, 9, [15] [16] [17] [18] [19] . However, these conditions inhibited cell proliferation.
Micro-algal TAG and starch accumulations can be enhanced by optimization of light intensity, salinity and CO 2 concentration [5, 7, 11, 20] . A number of photobioreactors have been developed in which culture conditions can be controlled [21] [22] [23] . In these reports, the levels of TAG and starch production were enhanced by optimization of production and cell proliferation.
The unicellular green alga, Chlamydomonas debaryana NIES-2212, was identified as a strain possessing phosphatidylcholine (PC). This membrane phospholipid is almost ubiquitous in eukaryotes, but has been completely replaced by a betaine lipid in the model micro-alga, Chlamydomonas reinhardtii [24] [25] [26] [27] , which has been used to optimize the production of TAG [28, 29] . The presence of PC is rare within the genus Chlamydomonas [30] . Another strain of C. debaryana was also isolated as a high TAG producer grown in swine wastewater [31] . It is still unclear whether PC is present in the reported strain of C. debaryana. PC is considered to be important for TAG synthesis in higher plants, because it acts as an intermediate for the synthesis of TAG [32] . A previous study performed in our laboratory indicated that C. debaryana NIES-2212, grown under completely photo-autotrophic conditions with air containing 1.0 % CO 2 , showed accumulation of high levels of TAG and starch during stationary phase without nutrient deprivation [33] . The accumulated TAG in C. debaryana contained a high level of mono-unsaturated fatty acids, which are suited for the production of high-quality biodiesel [34] [35] [36] [37] [38] . In the stationary phase described by Toyoshima and Sato [33] , the cells did not experience nutrient starvation, as indicated by the lack of effect of nutrient supplementation. In fact, neither TAG nor starch accumulation was enhanced under nitrogen-limited conditions in C. debaryana. Therefore, C. debaryana is a promising seed organism for the development of high-performance biofuel producers. Draft sequences of the nuclear genome of the strain NIES-2212 [39] are expected to allow further engineering of this strain to achieve increased production of starch and oil.
In the present study, we quantitatively compared the accumulation of TAG and starch in C. debaryana cells grown under completely photo-autotrophic conditions at various light intensities (50, 100, 200, 300 and 400 µmol m -2 s -1 ) bubbled with air containing 1.0 and 5.0 % CO 2 . The results suggested the optimal conditions of light intensity and CO 2 concentration for efficient production of TAG and starch.
RESULTS
Cell growth and lipid droplet accumulation in cells grown photo-autotrophically at different light intensities The effects of light intensity on the growth of C. debaryana cells were estimated by measuring the optical density of the cultures at 750 nm (OD 750 ) with growth time (Figs 1a and S1a, available in the online version of this article). A linear correlation was established between the OD 750 and cell density [33] . The cells were grown on MBM under photo-autotrophic conditions with bubbling of air containing 1.0 or 5.0 % (v/v) CO 2 at a light intensity of 100, 200 or 400 µmol m -2 s -1 . A series of experiments using different light intensities with 1.0 % CO 2 showed that the growth rate was greater at higher light intensity. However, the final OD 750 of the culture showed no significant difference according to light intensity. We detected accumulation of lipid droplets consisting of TAG in the cells by BODIPY staining at 0, 24, 48, 72, 96 and 120 h (Figs 1b and S1b). Lipid droplets began to accumulate earlier at light intensities of 100 and 200 µmol m -2 s -1 than at those of 50, 300 and 400 µmol m -2 s -1 , and this difference was evident at 120 h. These observations indicated that the light intensities of 100 and 200 µmol m -2 s -1 favoured the accumulation of lipid droplets (Fig. 1b) .
Cell growth and lipid droplet accumulation in photo-autotrophically grown cells at a higher CO 2 level The effects of CO 2 supplementation at 5.0 % on the growth rate were estimated by OD 750 (Fig. 1a) at a light intensity of . The growth rate was higher than that of the cells grown with 1.0 % CO 2 at both light intensities. However, the final OD 750 of the culture was similar. Increased accumulation of lipid droplets (Fig. 1b) was found in 5.0 % CO 2 compared to 1.0 % CO 2 , especially at a light intensity of 400 µmol m -2 s -1 .
Accumulation of TAG in cells grown at different light intensities in the presence of 1.0 % CO 2 We first studied the effects of light intensity on the accumulation of TAG and starch (following section) in the presence of 1.0 % CO 2 . Total lipids were extracted from cells grown for 120 h and analysed by 1D-TLC (Fig. 2a) . TAG and polar lipids were clearly separated by this system, and their contents were determined by measuring the levels of fatty acids (Fig. 2b) Accumulation of TAG and starch in cells grown in the presence of 5.0 % CO 2 We quantified TAG and starch in cells grown in the presence of 5.0 % CO 2 , and even lower at 1.0 % compared with 5.0 % CO 2 (Fig. 4) . The contents of polar lipids did not differ significantly according to the concentration of CO 2 , but were lower at a light intensity of 400 µmol m -2 s -1 compared with other light intensities (Fig. 4) . The starch content was maximal (about 600 pg per cell) at 72 h in 5.0 % CO 2 at a light intensity of 200 µmol m -2 s -1 (Fig. 3 ). These results indicated that a light intensity of 200 µmol m -2 s -1 with air containing 5.0 % CO 2 was optimal for the accumulation of both TAG and starch.
Time-dependent changes in TAG and starch accumulation in cells grown at different light intensities with different CO 2 concentrations Fig. 5 shows the time-dependent relation between TAG and starch contents in cells grown at different light intensities Table 1 . The data at 50 µmol m -2 s -1 in 1.0 % CO 2 were consistent with those reported previously [33] . With regard to general trends of major fatty acids, the proportions of 16 : 0 and 18 : 3 (9,12,15) were higher at a light intensity of 400 µmol m -2 s -1 than at lower intensities, in both TAG and polar lipids. In contrast, the proportions of 16 : 1 (7) and (3 t (Fig. 6a) . The chlorophyll content in cells grown at 400 µmol m -2 s -1 at 96 h was significantly lower than under other conditions. The rates of photosynthetic oxygen evolution and respiratory oxygen consumption per cell or per chlorophyll (Fig. 6b, c) were clearly higher at 48 h in cells grown at 200 µmol m -2 s -1 light under both CO 2 concentrations. Under other conditions or culture times, the rate of photosynthetic oxygen evolution was only slightly higher than the rate of oxygen consumption whereas the rate of photosynthetic oxygen evolution was lower than the rate of oxygen consumption at 96 h at 400 µmol m -2 s -1 . In general, the results for cells grown in the presence of 5.0 % CO 2 were not significantly different from those for cells grown under 1.0 % CO 2 .
Analysis of photosynthetic performance in cells grown at different light intensities and different CO 2 concentrations Pulse-amplitude modulated (PAM) fluorescence measurement was performed to analyse the photosynthetic performance of exponentially growing cells sampled at 48 h ( Table 2 ). The value of NPQ (a measure of non- 
DISCUSSION
Effects of light intensity and CO 2 concentration on C. debaryana cell growth In the present study, we showed that the growth rate of C. debaryana NIES-2212 increased with light intensity. The growth rate was higher in the presence of 5.0 % CO 2 compared with 1.0 % CO 2 (Fig. 1a) . These results suggested that faster cell proliferation requires higher light intensity and higher CO 2 concentration during the exponential growth phase. However, these conditions showed no significant effect on the final cell density of the The values at 120 h were determined by gas chromatography. We confirmed the linearity of BODIPY staining in this range.
culture. If growth was limited by the light intensity, the final cell density would have been greater with higher light intensity, but this was not the case. We suggest that the final cell density may be determined by a mechanism that involves the sensing of cell density, such as quorum sensing [40] , and is not simply limited by nutrition in this alga.
Accumulation of TAG and starch at different light intensities and CO 2 concentrations
It may be hypothesized that photosynthetic production would be greater at higher light intensities with a greater supply of CO 2 . However, the results of the present study indicated that this is not the case. The apparent optimum TAG and starch production was obtained at a light Marked differences with respect to light intensity are underlined. (Fig. 5) . CO 2 concentration did not show a marked effect on the accumulation of TAG (Fig. 4) , and 1.0 % CO 2 was sufficient for the production of TAG at the optimal light intensity.
The production of TAG seemed to increase following accumulation of starch at a critical level, i.e. about 200 pg cell À1 (Fig. 5 ). Under the optimal conditions for accumulation of starch and TAG, as shown above, the level of starch almost increased with less accumulation of TAG. If the level of starch exceeded the threshold, the starch level decreased with a concomitant increase in TAG. These observations suggested that starch was converted to TAG during the later period of growth (or stationary phase). Previous studies have also suggested the possibility of conversion of carbohydrates or other substances to TAG in C. reinhardtii and other micro-algae under different growth conditions [41] [42] [43] [44] , but the evidence provided in these reports was diverse. Li et al. [42] performed proteomics analysis after transition from heterotrophic to photosynthetic growth of the green alga, Chlorella protothecoides, and found the activation of many metabolic pathways, including glycolysis, photosynthesis and even beta-oxidation. Recht et al. [44] used a metabolic model to simulate TAG accumulation after nitrogen starvation in the green alga, Haematococcus pluvialis. The results were consistent with metabolic flow from starch to fatty acids, but the major emphasis was on the importance of the citrate cycle in metabolite conversion, which is common knowledge in biochemistry. Ho et al. [41] also used a metabolic model to simulate the salinity-induced starch to lipid conversion in Chlamydomonas sp. JSC4. They used time-course of stable isotope labelling of intermediate metabolites to determine the variables in the model. Pick and Avidan [43] performed radiocarbon tracing to determine the flow of carbon in the halotolerant alga, Dunaliella tertiolecta, and concluded that two-thirds of TAG was synthesized by conversion from starch while one-third originated from de novo synthesis via direct carbon assimilation. Radiocarbon tracing is convenient, but it is difficult to identify the actual labelling pattern within a molecule. We consider it important to trace the actual flow of carbon during the conversion of starch to TAG, and are currently analysing changes in the levels of starch and TAG with stable isotope labelling; we hope this will yield clear results regarding the conversion of starch to TAG.
Cells grown under higher light intensities (300 and 400 µmol m -2 s -1
) were subjected to high light stress with regard to the production of TAG and starch, whereas cell proliferation was not markedly affected. Cells grown at higher light intensities were pale green at the end of the culture period (i.e. at 120 h), reflecting the low chlorophyll content (Fig. 6a) . At higher light intensities the captured light energy was dissipated as heat, as evidenced by the higher values of NPQ (Table 2) [45] , which is a symptom of photo-inhibition of photosynthesis [46] [47] [48] [49] . A higher concentration of CO 2 was not effective in reducing NPQ, but was able to increase the yield of TAG (Fig. 4) . The measured photosynthetic performance of cells grown in 5 % CO 2 at 400 µmol m -2 s -1 light as shown in Table 2 was rather low, but these are the values within the measuring cuvette and not in the culture flask with 5.0 % CO 2 . The values indicated that the cells grown under high light were damaged by photo-inhibition. The rate of photosynthesis per cell (Fig. 6b ) was reduced at 96 h under high light conditions, but this was accounted for by both the reduced number of photosystems and the reduced size of antenna pigments (Fig. 6a) , because the activity was comparable to the values of 48 h cells based on chlorophyll (Fig. 6c) . The rate of respiration per cell remained constant under all conditions tested (Fig. 6b) . This is why the net photosynthesis was reduced under high light conditions (Fig. 6c) . In a Chlamydomonas sp., the production of TAG was higher in 4.0 % CO 2 than in 0.04, 2.0 and 8.0 % CO 2 [11] . The optimal concentration of CO 2 may be dependent on both light intensity and species.
The effects of high light conditions on the accumulation of lipids and composition of fatty acids in C. reinhardtii have been described previously [20] . Transition from weak to saturating light induced the accumulation of TAG, but this effect was transient [50] . In contrast to TAG accumulation induced by nitrogen deprivation, unsaturated molecular species of TAG were accumulated under saturating light [20] . High light conditions supported the integrity of chloroplasts, and therefore the levels of galactolipids that contain [33] for fatty acid composition of individual lipid classes in C. debaryana). The differences in composition of fatty acids in TAG may reflect the parallel changes in polar lipids, which in turn reflect changes in overall cellular metabolism. Small differences in fatty acid composition of membrane lipids have been reported previously in C. reinhardtii grown in the presence of different concentrations of CO 2 under conditions of low light [27] . It is difficult to compare these differences with those detected in the present study, in which only data under high light conditions were available for comparison of different concentrations of CO 2 .
Concluding remarks
We compared TAG and starch accumulation under different light intensities and at different concentrations of CO 2 in the PC-containing green alga, C. debaryana NIES-2212. We also analysed various photosynthetic parameters under these conditions. The results indicated that there is an optimal light intensity for the accumulation of TAG and starch in this organism, i.e.~200 µmol m -2 s -1 . The concentration of CO 2 did not markedly affect the accumulation of TAG or starch at the optimal light intensity. At higher light intensities, however, higher concentrations of CO 2 increased the accumulation to some extent. Under optimal conditions, both TAG and starch accumulation were 2.5-fold higher than values reported previously [33] . The current system provides a good alternative to the nutrient-limited system using C. reinhardtii or other micro-algae.
METHODS

Growth of the organism
Chlamydomonas debaryana NIES-2212 [51] was obtained from the Microbial Culture Collection at the National Institute for Environmental Studies, Japan. Before the growth experiments, the cells were grown in modified Bristol's medium (MBM) [52] , bubbled with air containing 1.0 % (v/v) CO 2 . In the growth experiments, the culture was started with an inoculum from the pre-culture in mid-logarithmic phase. The cells were grown in test tubes (capacity, 63 ml with air space) containing 35 ml of MBM with continuous aeration with air containing 1.0 or 5.0 % CO 2 in a micro-algal culture unit with a reflector behind the culture tubes (Nippon Medical and Chemical Instruments Co., Ltd., Osaka, Japan). White light was provided by a mixture of red, green and blue lights from an array of 128 light-emitting diodes (LEDs) (3-in-1 LED, model SCS-2L-LED).
Components of the MBM and other growth conditions were described previously [29] .
BODIPY staining of lipid droplets BODIPY staining and fluorescence microscopy were performed essentially as described previously [33] .
Extraction and separation of lipids Cells grown for 120 h were harvested by centrifugation (600 g, 5 min, at 4 C). Total lipids were extracted according to Bligh and Dyer [53] . The final chloroform phase was evaporated under vacuum. The lipids were dissolved in 0.2 ml of chloroform/methanol (2 : 1, by volume) plus 0.2 ml of ethanol, and stored at -20 C until use. Lipid classes were separated by one-dimensional doubly developed thin-layer chromatography (1D-TLC) essentially as described previously [29] , using a mixture of chloroform/acetone/ethanol/ acetic acid/water (10 : 4 : 2 : 3 : 1, by volume) in the initial development (about 12 cm), and n-hexane-diethyl ether/ acetic acid (80 : 30 : 1, by volume) in the second development (to the top of the plate: 20 cm). The solvents were completely evaporated from the plate in a vacuum desiccator between the two developments,
Quantification of lipid content
All analytical methods were performed as described previously [29] .
Quantification of starch content Starch content was quantified as described previously [33] .
Measurement of photosynthetic activity and chlorophyll content All analytical methods related to photosynthesis were essentially identical to those described previously [29, 54] . Pulse-amplitude modulation (PAM) fluorescence measurement was performed using a fluorescence monitoring system (model FMS1; Hansatech, Norfolk, UK). Aliquots of 2.0 ml of the culture were transferred to the measurement chamber. Cells were maintained in the dark at 25 C for 30 min. Modulated light was provided with a setting of 1 and an amplifier gain of 70. Actinic light was provided with a power setting of 15 (corresponding to a light intensity of 90 µmol m -2 s -1
) to drive photosynthesis. Pulses of saturating light 0.2 s in duration were applied at a power setting of 100 (light intensity 10 000 µmol m -2 s -1 ) at 30 s intervals to measure the maximal fluorescence yields. Chlorophyll content was determined as described previously [55] .
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